Background: We investigated whether serum uric acid (SUA) levels before kidney transplantation predict newonset diabetes after kidney transplantation (NODAT) and compared SUA levels with known risk factors for NODAT by prospective cohort study. Methods: A total of 151 adult kidney recipients without diabetes (84 men, 67 women) who underwent livingdonor kidney transplantation between 2001 and 2011 were followed in this study. The Cox proportional hazards model was used to analyse the risk of NODAT. Results: During the follow-up period (median 3.3 years, range 0-10 years), 32 (21.2%) adult kidney recipients without diabetes developed NODAT, and an incidence rate was 5.6 per 100 person-years and a 10-year cumulative incidence of 26.9%. When subjects were stratified by SUA levels into tertiles, the patients in the highest tertile (> 8.6 mg/dl for men, > 7.7 mg/dl for women) had a significantly higher risk of NODAT than the patients in the lower 2 tertiles (log-rank test, P = 0.03). In the univariate analysis, increased level of SUA was associated with NODAT (hazard ratio 1.27 [95% CI 1.04-1.55], P = 0.01). In the multivariate analysis, increased level of SUA was significantly associated with NODAT after correction by any factors, e.g. (age, sex, family history of diabetes, BMI, HbA1c, serum creatinine, tacrolimus, HCV) factors directly affecting the SUA value (1.26 [1.02-1.56], P = 0.03), risk factors for T2DM onset (1.34 [1.10-1.64], P = 0.03), and factors previously reported risk factors for NODAT (1.36 [1.11-1.66], P = 0.003). Conclusion: SUA independently predicts NODAT in living-donor kidney transplantation patients.
Background
New-onset diabetes after kidney transplantation (NODAT) is a serious metabolic complication of kidney transplantation that predisposes patients to graft dysfunction, infectious complications, cardiovascular disease, and death [1, 2] . The reported incidence of NODAT in kidney transplantation varies between 2 and 53% [1, 3, 4] . The lack of uniformity in the reported NODAT incidence rates is thought to be caused by variations in the studied populations, varying immunosuppressive regimens, and different definitions of diabetes [3] . To improve the outcome of kidney transplantation and patient prognosis, precise knowledge of the risk factors that contribute to NODAT development and maintenance are of great importance. Several risk factors have been shown to be independent predictors of NODAT. These include older age, higher body mass index (BMI), risk factors for type 2 diabetes mellitus (T2DM) onset, ethnicity, hepatitis C virus (HCV)-positive status, and the use of tacrolimus [1, 5] . The risk factors for T2DM onset are relatively well investigated and include age, family history of diabetes, BMI, haemoglobin A1c (HbA1c), such indexes as the insulinogenic index, and the homeostasis model assessment of insulin resistance (HOMA-IR) [6, 7] .
The serum uric acid (SUA) level has also been suggested to be associated with a risk of T2DM onset [8] . SUA concentration is significantly correlated with risk factors for metabolic syndrome, and SUA levels affect insulin resistance [9] . Pre-transplant metabolic syndrome is an independent predictor of NODAT [10] . The mechanism of NODAT is not yet known, and whether SUA and/or risk factors for the onset of T2DM are applicable to NODAT has not been well established. Herein, we aim to provide the first evidence that the pre-transplant SUA level is a predictor of NODAT among kidney allograft recipients.
Methods
This was an observational cohort study on the development of NODAT in kidney transplant recipients who underwent living-donor kidney transplantation at the Department of Nephrology, Toho University Omori Medical Center, Tokyo, Japan. For this study, we initially enrolled all recipients who underwent kidney transplantation at our hospital between January 2001 and June 2011 (n = 296). We excluded recipients who were diagnosed with diabetes before transplantation (n = 34), had received cadaveric kidney transplantation (n = 14), were < 20 years old (n = 57), had experienced post-transplant allograft loss due to acute rejection (n = 1), or did not undergo a pre-transplant oral glucose tolerance test (n = 39). Thus, our study included all non-diabetic adult (> 20 years old) kidney allograft recipients who successfully underwent living-donor kidney transplantation between January 2001 and April 2011 (n = 151; Fig. 1 ). All of the remaining 151 transplant patients (87 men and 64 women, 20-69 years old, pre-transplant dialysis modality: 119 haemodialysis (HD) patients, 20 peritoneal dialysis patients, 12 preemptive) were followed until October 2011. NODAT was defined as fasting plasma glucose ≥ 126 mg/dL, random plasma glucose ≥ 200 mg/dL confirmed by repeated testing on a different day, and/or starting oral hypoglycaemic agents or insulin for diabetes treatment after the first 2 weeks post-transplant [11] , as defined by the American Diabetes Association and the Japanese diabetes criteria described in 1999 by the Japan Diabetes Society guidelines. The following data were collected from electronic medical records and transplant charts: recipient age and sex, BMI, family history of diabetes, duration of dialysis, blood pressure, serum albumin, serum creatinine, HbA1c, insulinogenic index, HOMA-IR, total cholesterol, triglycerides, HCV infection status, and medication use (anti-hyperuricaemics, diuretics, and induction immunosuppressive agents). All of the anti-hyperuricaemic agents used were allopurinol. The SUA value is measured according to the protocol for transplantation, at the time of hospitalization just prior to transplantation. SUA levels and other laboratory data were obtained at fasting and pre-dialysis, on the first dialysis day after hospitalization. The SUA levels after transplantation were measured approximately 2 months later with renal function stabilized. The present study was performed with the approval of the Clinical Research Ethics Committee of the Toho Omori Medical Center (approval number 24-103).
All patients were on maintenance immunosuppressive therapy, which included methylprednisolone and calcineurin inhibitors (e.g. tacrolimus or cyclosporine) and antiproliferative agents (mycophenolate mofetil, mizoribin, or azathioprine) before transplant. Methylprednisolone was administered at a starting dose of 12 mg/day. The starting doses of cyclosporine and tacrolimus were 5 and 0.2 mg/ kg/day, respectively. Both agents were administered in two divided doses and were adjusted to maintain levels at 200 to 300 ng/mL up to 1 week after operation and 8 to 12 ng/mL up to 1 month after operation, respectively. Mycophenolate mofetil was administered at a dose of 25-30 mg/kg/day in two divided doses. The estimated glomerular filtration rate (eGFR) was calculated using the estimation formula advocated by the Japanese Society of Nephrology [12] : eGFR (mL/min/1.73 m2) = 194 × Cr − 1.094 × age − 0.287 (× 0.739 for women).
Statistical analysis
The data are expressed as the mean ± standard deviation or as frequency. The differences among the three groups were assessed using a one-way analysis of variance and Fisher's exact test. To investigate the relationship between SUA levels and the onset of NODAT, the SUA levels were stratified into tertiles, which were calculated separately for
, because SUA levels in women tend to be lower than those in men [13] . The onset of NODAT was analysed using the Kaplan-Meier method, and the significance was calculated using the log-rank test. The Cox proportional hazards regression model was used to assess the independent predictors of NODAT. Three multivariate regression models were performed. The first was adjusted for the factors that directly affect the SUA value: serum creatinine, diuretics (yes/no), and allopurinol therapy (yes/no). A second regression model was adjusted for risk factors for the onset of T2DM: age (years), sex (male vs. female), family history of diabetes (yes/no), BMI, HbA1c, I-I, and HOMA-IR. A third model was adjusted for the significant factors used in the first and second models and previously reported risk factors for the onset of NODAT: HCV infection (yes/no) and immunosuppressive agents (tacrolimus vs. cyclosporine). The results are presented as hazard ratios with 95% confidence intervals (CI). P values < 0.05 were considered to indicate statistically significant differences. The analyses were performed using JMP software (version 13.0; SAS Institute, Cary, NC, USA).
Power calculation
We are planning a study with 50 experimental participants, 100 control participants, an accrual interval of 0.5 year, and additional median follow-up after the accrual interval of approximately 3 years. If the true hazard ratio of control participants relative to experimental participants is 2.5 in the end of follow-up, we will be able to reject the null hypothesis that the experimental and control survival curves are equal with probability (power) 0.878. The type I error probability associated with this test of this null hypothesis is 0.05.
Results
In the study population, the median baseline SUA value was 7.4 mg/dL, with a range of 1.7 to 12.2 mg/dL. The baseline clinical and biochemical characteristics of the recipients, grouped by sex-specific SUA tertiles, are shown in Table 1 .
There were no differences between the groups in sex, age, family history of diabetes, BMI, HbA1c, HOMA-IR, I-I, HCV infection status, or the frequency of medication use, including diuretics, lipid-lowering agents, antihypertensive agents, antiplatelet agents, and immunosuppressive agents (Table 1) . Serum creatinine and eGFR differed between the groups and were associated with elevated SUA values. Figure 2 shows the results of the Kaplan-Meier survival analysis for NODAT incidence. Thirty-two of the 151 recipients developed NODAT during the follow-up period (median 3.3 years, range 0-10 years) with an incidence rate of 5.6 per 100 person-years and a total cumulative incidence of 26.9% as of 10 years of follow-up. Analysis according to the tertiles of SUA at baseline revealed a cumulative incidence of NODAT of 13.8% in the lowest SUA tertile, 19.0% in the middle tertile, and 44.1% in the highest tertile as of 10 years of follow-up (log-rank test, P = 0.03).
Recipients in the highest tertile of SUA levels had a significantly higher risk of NODAT than those in the lower 2 tertiles. In a univariate analysis using the Cox proportional hazards model ( The SUA level before transplantation correlated with the SUA level after transplantation with renal function stabilized (ρ = 0.17, P = 0.03 by Spearman's correlation analysis).
Discussion
In this cohort study of kidney transplant recipients over a 10-year period, NODAT was found in 21.2% of the patients and the 10-year cumulative incidence was 26.9%. In the tertile stratification, a high SUA level (> 511 μmol/L [8.6 mg/dL] for men and > 457 μmol/L Cohort size n = 151 (84 men and 67 women). The statistical significance was estimated with a one-way analysis of variance and Fisher's exact text (P < 0.05). Data are expressed as mean ± standard deviation or percent BMI body mass index, BP blood pressure, CCB calcium channel blocker, eGFR estimated glomerular filtration rate, HbA1c haemoglobin A1c, HCV hepatitis C virus, HOMA-IR homeostasis model assessment of insulin resistance, NA not applicable, RAS renin-angiotensin system, SUA serum uric acid [7.7 mg/dL] for women) was an independent and strong predictor of NODAT in our study. We constructed three Cox hazard regression models that indicated a significant association between SUA and NODAT after adjusting for known risk factors for T2DM onset, NODAT, and factors that directly affect the SUA level. We demonstrated for the first time that a high SUA level is a strong and independent predictor of NODAT. A previous report did not reveal an association between SUA and NODAT; however, pre-transplant anti-hyperuricaemic medication was associated with NODAT [14] . Conversely, allopurinol therapy did not predict NODAT in our study, but SUA did. SUA level is reportedly affected by the variables in model 1, related to uric acid excretion [15] . We confirm SUA is independent of factors from renal function, and correlation of SUA levels between before and after transplantation with renal function stabilized. Therefore, SUA is suggested to reflect elevated production, predisposed by xanthine oxidoreductase (XOR) activity, in a manner independent of renal function. Uric acid has thought to have diabetogenic action since 1950 [16] , by exacerbating insulin resistance [17] . Moreover, uric acid production via XOR promotion, associated with oxidative stress and inflammation such as macrophage activation [18] , is suggested to induce a vulnerability to NODAT development. The role of uric acid metabolism-related inflammation in pathogenesis of diabetes, non-alcoholic steatohepatitis, and arteriosclerosis has been reported in several studies in many countries [19] [20] [21] [22] . To the best of our knowledge, our study is the first to clarify the association between increased SUA production and development of NODAT.
Many risk factors have been proposed for the development of NODAT: age, race, family history of diabetes, BMI, glucose intolerance, metabolic syndrome, acute Results are expressed as hazard ratios (95% confidence intervals). Cohort size n = 151 (84 men and 67 women) BMI body mass index, HbA1c haemoglobin A1c, HCV hepatitis C virus, HOMA-IR homeostasis model assessment of insulin resistance rejection, cadaveric kidney transplantation, chronic infection with HCV, and the type of immunosuppression used [1, 3, 5] . Furthermore, SUA is correlated with metabolic syndrome and T2DM [8, 9, [23] [24] [25] . Another T2DM risk might also be a NODAT risk; therefore, we included known T2DM risks in model 2 for multivariate analysis. HOMA-IR and I-I tended to be higher in patients in the highest tertile for SUA values than for those in the lower 2 tertiles. However, after adjusting for both factors, they were not associated with NODAT. Known risk factors for NODAT relating to transplantation are included in model 3. Older age has consistently been an important contributing factor to the development of T2DM and NODAT [1, 2, 26] and is an important determinant of β-cell dysfunction after renal transplantation [27] . Our recipients represent a relatively young population for T2DM onset, with median ages of 39 and 47 years in non-NODAT and NODAT patients, respectively. Evidence suggests that immunosuppressive drugs account for the risk for NODAT development [3] . The association between corticosteroids and NODAT is clearly established and is related to cumulative dosages and therapy duration [4] . The avoidance of steroids is associated with a significant reduction in the likelihood of developing NODAT [28] . However, to date, there has been no steroid-free maintenance regimen in Japan, and our protocol is based on pre-transplant induction therapy and does not include post-transplant therapy.
This study has several limitations. First, all donors and recipients were Japanese, and it was not revealed whether the risk of high SUA for NODAT is applicable to other ethnicities. Second, this is a single-institution study; therefore, the magnitude of SUA significance might vary according to unknown factors resulting from intra-institutional differences. Third, it is unknown whether uric acid reduction therapy prevents NODAT because of the observational nature of this study. Fourth, although the results of kidney transplantation in Japan are as good as those observed in European countries and the USA, the number of transplantations performed in Japan is extremely small compared with these countries. An interventional study with a large number of patients is needed to verify the usefulness of pre-transplant uric acid-lowering therapy. Despite these limitations, this is the first long-term follow-up study to report a novel predictor and potential target for NODAT. Certain care for recipients with preoperative hyperuricemia of living-donor kidney transplantation is probably important in clinical situation. From now on, frequent check of the glycemic control and uric acid level are recommended for both clinical practice and future research field.
Conclusions
In summary, we conclude that the pre-transplant SUA level is an independent predictor of NODAT, particularly when it falls into the upper range (> 8.6 mg/dL for men, > 7.7 mg/dL for women). Patients with a high pre-transplant SUA level should be carefully followed up.
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